Introduction found to be tightly located at the ends of the cell, consistent with a role as an end marker, and the microtubular An important problem for a cell is how it organizes itself cytoskeleton is shown to be required to maintain the in space. This organization requires that different comlocation of tea1 at the cell tips. From these results, we ponents or points located at a distance within the cell propose that tea1 is constantly transferred to the exare correctly positioned with respect to each other. The tremities of the cell by the microtubules, producing a problem is similar in principle to a developmental field dynamic mechanism whereby the space of the cell is establishing positional information during embryogeneexplored, and the antipodal positions of the growing sis but acts at the level of a single cell. There are many tips are identified and maintained, thus contributing to examples of this phenomenon: epithelial cells have opglobal spatial order within the cell. posed apical and basal faces with different properties (Eaton and Simons, 1995) ; Drosophila oocytes contain determinants localized to discrete regions of the cytoResults plasm (Lehmann, 1995) ; and bipolar budding yeast cells bud at the opposite end of the cell to the previous bud Cloning and Deleting the tea1 Gene Mutants in the tea1 gene are viable, and their bent and (Roemer et al., 1996) . In the case of the fission yeast Schizosaccharomyces pombe, two growing tips located T-shaped phenotype can only be identified by microscopic inspection of the cells within individual colonies. at the ends of the cylindrical cell grow apart in a precisely opposed manner (Snell and Nurse, 1993) . This is a simple It proved impossible to clone tea1 by complementation because of plasmid loss, so we used positional cloning case of spatial organization in which a cell identifies and maintains domains at its extremities that are directly as an alternative method. tea1 was mapped to within 1.3 cM of the nmt1 gene and was located within an opposite each other. Two points are said to be antipodal when they are located at the extreme opposite ends of ordered cosmid library of the S. pombe genome (Hoheisel et al., 1993) . Cosmids were selected that spanned an object, and we shall use this term to describe the organization of tip growth in fission yeast, where intrathe region around the nmt1 gene and were individually transformed into a tea1-3 mutant strain. One cosmid cellular domains are directly opposed to each other at the extremities of the cell along a single central axis.
completely rescued the mutation, and after subcloning a 4.3 kb fragment from this cosmid was found to contain Immediately after cell division, a newly born fission yeast cell starts growth in a unipolar mode, growing only the rescuing activity. Sequencing of the 4.3 kb fragment identified a 3441 at the old tip that already existed in the mother cell. After a certain period of the cell cycle, the cell switches bp ORF of 1147 amino acids and a molecular mass of 127 kDa ( Figure 1A ). Analysis of the sequence revealed to a bipolar mode, with both old and new tips undergoing growth. This transition is called new-end take off, or six internal repeats at the N-terminal half of the protein (amino acids 82-394) belonging to the kelch family (Xue NETO. In both unipolar and bipolar growth modes, the and Cooley, 1993; Bork and Doolittle, 1994 ). An alignbending and 20% forming T shapes ( Figure 1C , [iii] ). Because scoring bent cells is difficult in short, normally ment of the repeats is shown in Figure 1B . Comparison of the repeats with proteins in the PIR and Swissprot growing cells, we produced elongated cells by using a temperature-sensitive cdc25 mutant. This mutation databases revealed that the most similar repeats were in two hypothetical proteins from Saccharomyces cerecauses slight elongation at 25ЊC and blocks the cell in G2 at 36ЊC, making it very elongated. This allows the visiae (PIR accession numbers S46769 and S57704), in host-cell factor (Wilson et al., 1993) , and in actin-fragmin bent phenotype to be more easily scored. With these conditions, the phenotype exhibited a high penetrance, kinase (Eichinger et al., 1996) . Kelch repeats are thought to be structural repeats (Bork and Doolittle, 1994) and with a total of 70% of cells bent at 25ЊC when cells are only slightly elongated and 95% bent or T shaped after are present in several proteins known or suspected to bind actin (Xue and Cooley, 1993; Varkey et al., 1995;  3 hr at 36ЊC. We conclude that the tea1 gene is necessary to maintain the growing tips precisely opposed to each Way et al., 1995; Eichinger et al., 1996) . Several regions of the C-terminus showed a high probability of forming other and so plays a role in maintaining antipodal growth in the fission yeast cell. coiled-coil interactions ( Figure 1A) , as predicted by the Lupas algorithm (Lupas et al., 1991) . The two S. cerevisiae ORFs that showed homology to tea1 in the N-termi-
Localization of tea1
To investigate the intracellular localization of tea1, we nus also had a similar coiled-coil structure.
We constructed a deletion of the tea1 gene in a diploid raised polyclonal antibodies against bacterially produced fragments of the tea1 protein fused to a 6His strain by replacing most of the ORF with the ura4 ϩ gene. Sporulation of the resulting diploids produced four viatag. After affinity purification, the antibodies against the C-terminal half of the protein recognized two bands of ble spores, which grew with normal generation times at 18ЊC, 25ЊC, 32ЊC, and 36ЊC. Examination of the cells 130 and 135 kDa in extracts from wild-type cells ( Figure  1D , lane 1), which were absent in tea1⌬ extracts (Figure under the microscope revealed that cells deleted for the tea1 gene had a defect in cell shape similar to the original 1D, lane 2). Lower molecular weight bands probably represented degradation products. Affinity-purified antitea1 mutants (Snell and Nurse, 1994) . At 25ЊC, about 30% of the cells can be seen to be bent ( Figure 1C, Figure 1D , lane 3). In contrast, extracts from tea1⌬ cells with a plasmid containing the full ORF (pR1) had both bands ( Figure 1D , lane 4). The presence of the two bands could be explained either by alternative use of the first or second ATG of the ORF, given that the predicted size difference between the two products is 4.6 kDa (similar to that observed), or alternatively, by the N-terminus being processed in some manner. We used the antibodies to determine the intracellular localization of the tea1 protein by indirect immunofluorescence. The majority of tea1 was localized to a small region at both poles of wild-type cells with some dots elsewhere in apparently random positions within the cell ( Figure 2A ). The specificity of the staining was confirmed by the fact that antibodies raised against nonoverlapping regions of the protein produced similar results and by the absence of any signal when tea1⌬ cells were stained ( Figure 2A ).
During the early part of the cell cycle, the cell grows in a unipolar manner, while during mitosis neither tip undergoes growth (Mitchison and Nurse, 1985) . In order to establish whether tea1 marks growing tips or just tips, we monitored tea1 localization in cells at different stages of the cell cycle. Double staining of tea1 and tubulin was used, allowing cells at certain stages of the cell cycle to be identified (Hagan and Hyams, 1988) ; during mitosis there is a mitotic spindle, during cytokinesis microtubules form a postanaphase structure, and during interphase cells have cytoplasmic microtubules extending along the cell. It is not known whether the cytoplasmic microtubules observed by immunofluorescence are single microtubules or microtubule bundles. In interphase cells, tea1 staining was found at both ends of the cells ( Figure 2B, [i] ). In mitotic cells with an intranuclear spindle ( Figure 2B, [ii] ), tea1 remained at the tips, but the intensity of the staining was lower than in interphase cells. In cells just completing division, tea1 could still be seen at both of the old ends, but was also tea1 was present at both tips, but the staining was asym- (iv) shows that tea1 is present at both poles of the cells Early interphase.
throughout the cell cycle whether they are growing or (C) tea1 localization in cell-cycle mutants. cdc25-22 cells or cdc10-
not.
129 cells were grown at 25ЊC, transferred to 36ЊC for 4 hr, fixed, To confirm that both tips contain tea1 whether they and double stained with antibodies against tea1 (top) or actin (lower panels).
are growing or not, we blocked cells both early and late (D) tea1 localization in orb2 mutants. orb2-34 mutants were grown in the cell cycle, when growth was either monopolar or at 25ЊC, fixed, and double stained with antibodies against tea1 or bipolar (Mitchison and Nurse, 1985) . We used a cdc10 mitosis after activation of bipolar growth. After 4 hr at the restrictive temperature of 36ЊC, tea1 was present at both poles in both the cdc25 ts and cdc10 ts cells ( Figure  2C ). In these experiments, the cells were also double stained for actin, which is located in growing tips of fission yeast (Marks et al., 1986) . As expected, actin was located at both tips in the cdc25 ts mutant and mostly at a single tip in the cdc10 ts mutant ( Figure 2C ), and it was also clear that tea1 was more tightly concentrated at the tips than actin. This was confirmed with an orb2 ts mutant that grows only at one end (Verde et al., 1995) . In this mutant, tea1 was located tightly at both ends of axis. If tea1 acted as a focus for orientating the growing tip machinery, then by marking the cell ends tea1 would restrict growth to the regions necessary to establish and titrate away other essential proteins. It is likely that tea1 maintain antipodal growth. To investigate this further, does interact with other proteins, given that it migrates tea1 was expressed under the control of the nmt1 as part of a high molecular mass complex of around thiamine-repressible promotor (Maundrell, 1990) . After 1000 kDa after gel filtration. ( Figure 3B ). removing thiamine, tea1 levels increased about 50-fold (data not shown), and tea1 was located at random posiRole of the Cytoskeleton in Locating tea1 tions throughout the cell ( Figure 3A , left panel). This
We next investigated whether the actin or tubulin comcaused the formation of bent and T-shaped cells ( Figure  ponents of the cytoskeleton were involved in locating 3A, right panel). This defect could be due to the mislocalization of tea1. Alternatively, high levels of tea1 could tea1 at cell poles. To test if actin has a such role, we examined temperature-sensitive mutants in cdc3 (encoding profilin) and cdc8 (encoding tropomyosin), which disrupt the actin cytoskeleton and fail to organize actin into the tips at 36ЊC (Balasubramanian et al., 1992 (Balasubramanian et al., , 1994 Chang et al., 1996) . In both mutant strains, tea1 was still correctly located to the ends ( Figure 4A , top panels), even though cortical actin patches were delocalized ( Figure 4A , lower panels). These observations indicate that a normally organized actin cytoskeleton is not required to locate tea1 at the poles. Although most of tea1 is found at the cell tips, some tea1 can be seen as dots in random locations throughout the cell. After double staining for tea1 and tubulin, 60% of these dots were found clearly to colocalize with the ends of cytoplasmic microtubules ( Figure 4B ). In most cases where both ends of a single microtubule could be distinguished, tea1 dots were observed at only one end of the microtubule. The arrowheads mark clear examples ( Figure 4B , [ii] , [vi] , and [vii] ).
To examine further the role of microtubules in the intracellular localization of tea1, we depolymerized microtubules using the tubulin-binding drug thiabendazole (TBZ) (Umesono et al., 1983) . Before treatment with the drug, tea1 and tubulin showed normal patterns of distribution. Addition of TBZ caused microtubules to become very short, and at the same time tea1 disappeared from the ends of the cell, becoming located randomly throughout the cell ( Figure 5A ). When TBZ was washed out, microtubules and tea1 returned to their usual location ( Figure 5A ). Addition of TBZ did not affect tea1 levels ( Figure 5B ), indicating that TBZ did not change protein stability. To confirm that delocalization of tea1 was caused by disorganization of the microtubules and not by some other nonspecific effect of TBZ, we disrupted microtubules using a cold-sensitive mutant in the nda3 gene (Umesono et al., 1983; , which encodes ␤-tubulin ( Figure 5C ). At the permissive temperature of 32ЊC, cytoplasmic microtubules in the nda3-KM311 mutant were similar to those of wildtype cells, although slightly shorter. At this temperature, tea1 was found to be present at both poles of the cells. After 1 hr at the restrictive temperature of 20ЊC, cytoplasmic microtubules had almost disappeared, and tea1 became completely delocalized. A similar temperature shift in a control wild-type strain did not produce any effect on either microtubules or tea1 distribution (data not shown).
tea1 is reduced in level at cell ends during mitosis, microtubules. This explanation predicts that tea1 should grown at 25ЊC, incubated with TBZ at a concentration of 100 g/ ml for 30 min, washed with medium free of TBZ, and incubated at 25ЊC for a further 10 min. Samples were taken before addition of TBZ (ϪTBZ), after 30 min in TBZ (ϩTBZ), and 10 min after the wash (TBZ wash-out). Cells were fixed and immunostained with antibodies (D) Kinetics of tea1 delocalization after TBZ treatment. TBZ was against tea1 (top) and tubulin (lower panels).
added to cells growing at 25ЊC, and cells were fixed after 0, 5, 15, (B) tea1 levels are not affected by TBZ. TBZ was added to cells and 30 min and immunostained with anti-tea1 (top) and anti-tubulin growing at 25ЊC to a concentration of 100 g/ml. Cells were colantibodies (lower panels). lected 0, 15, and 30 min after addition of the drug, processed for (E) Kinetics of relocalization of tea1 after cold shock. Wild-type cells Western blotting, and probed with anti-tea1 antibodies.
were incubated on ice for 30 min and transferred to a 25ЊC water (C) Localization of tea1 in nda3 (␤-tubulin) and dis2 mutants. nda3-bath. Samples were taken after 0, 2.5, 5, and 15 min at 25ЊC. Cells KM311 cells (left panels) were grown at 32ЊC and transferred to were stained with antibodies against tea1 (top) or tubulin (middle). 20ЊC for 1 hr, fixed, and double stained with antibodies against tea1
An overlay of the stainings at times 2.5 and 5 min is shown in the (top) or tubulin (lower panels). dis2-1 mutants (right panels) were lower panels, with tea1 in green and tubulin in red. The arrowheads grown at 32ЊC, transferred to 20ЊC for 6 hr, and processed as de-
show clear examples of colocalization of tea1 and microtubules. scribed for nda3.
Scale bars ϭ 5 m.
become more delocalized in cells blocked in mitosis without cytoplasmic microtubules. To test this possibility, we used cold-sensitive mutants in dis2 (Ohkura et al., 1989) . At 32ЊC, the mutants had normal tea1 and microtubule distributions. After 6 hr at 20ЊC, cells arrested in mitosis and tea1 was almost completely delocalized ( Figure 5C ). We next followed the kinetics of delocalization of tea1, after treatment of the cells with TBZ, and of relocalization of tea1, when microtubules were allowed to regrow after previous depolymerization. Cells were treated with TBZ, and the localization of tea1 and microtubules monitored by indirect immunofluorescence ( Figure 5D ). Microtubules were already disorganized within 5 min of drug addition; at this point, tea1 was still largely localized at the poles, although the end staining was reduced and had become more patchy. After 15 min, microtubules were observed to be very short, and tea1 was almost completely delocalized. To follow the relocalization of tea1, we depolymerized microtubules using a coldshock treatment ( Figure 5E ). This treatment causes disorganization of microtubules, which is rapidly reversed by transferring the cells into warm medium (J. Hyams, V. Snell, J. Cope, and P. N., unpublished data). Incubation of cells on ice for 30 min depolymerized the microtubules and led to delocalization of tea1. After 2.5 min in bules. In addition, tea1 is found on the tips of the growing Scale bars ϭ 5 m.
microtubules recovering after disruption and becomes located at the ends of the cell when microtubules extend ( Figure 6C ). In contrast, tea1 messenger RNA levels were along the whole cell. These results indicate that microtunot reduced ( Figure 6B) , showing that the regulation is bules transfer tea1 to the ends of the cell and thus posttranscriptional. Thus, in a physiological situation in identify microtubules as playing an important role in which the controls that maintain antipodal growth need establishing and maintaining antipodal growth.
to be overridden, tea1 is down-regulated.
Effects of tea1 on Microtubules Loss of Antipodal Behavior during Conjugation During conjugation, tip growth is not maintained in an
During the course of these experiments, we noted some effects of tea1 on microtubules ( Figure 6D ). In wild-type antipodal manner because it is necessary for a tip to grow more flexibly so it can grow toward a cell of oppocells, cytoplasmic microtubules run along the main axis of the cell to the poles of the cell, but do not normally site mating type (Fukui et al., 1986; Leupold, 1987) . Therefore, we examined tea1 behavior in cells exposed extend any further. In tea1⌬ cells, we found that in about 10%-15% of the cells microtubules curled round the to the pheromone P factor. We used the P factorresponsive strain sxa2⌬cyr1⌬h Ϫ (Maeda et al., 1990 ; ends of the cell ( Figure 6D , arrowheads), a situation that was very rare in wild type-cells (Ͻ0.5%). Furthermore, Imai and Yamamoto, 1992) , which is slightly shorter than wild-type cells. Addition of pheromone caused the proin pheromone-treated cells that have reduced levels of tea1, microtubules were also found to curl round the duction of thin and bent mating projections ( Figure 6A ). The tea1 levels were found to be reduced 3-to 4-fold ends of the cells (arrowhead in Figure 6C ). Overexpression of wild-type tea1 also caused defects in cytoby 5 hr after addition of pheromone, as determined by both Western blot ( Figure 6B ) and immunofluorescence plasmic microtubules, which were found to be much shorter than normal. These results suggest that, as well First, when microtubules grow back after having been disrupted, tea1 is initially observed at the ends of the as being transferred by microtubules, tea1 may also affect the organization of the microtubular cytoskeleton. regrowing microtubules. As the microtubules lengthen, tea1 is moved toward the tips of the cell and becomes tea1 may have some inhibitory effect on microtubular growth, such that absence of tea1 allows microtubules deposited there after the microtubules have attained full length. Therefore, the ends of the cell are identified by to grow around the ends of the cells, while high levels of tea1 cause microtubules to be shorter than normal. a dynamic process requiring tea1 to be transferred to the cell ends by the microtubular cytoskeleton. Second, Thus, tea1 could inhibit microtubular growth in the tips of the cell and thus contribute to the organization of mutants in genes such as nda3 (␤-tubulin) (Umesono et al., 1983; and atb2/ban5 (␣ 2 -tubulin) microtubules necessary to maintain a single central axis. (Umesono et al., 1983; Toda et al., 1984; Verde et al., 1995; Yaffe et al., 1996) or treatment with drugs such Discussion as TBZ (Umesono et al., 1983) , all of which disrupt microtubules, generate bent or T-shaped cells. In very elonIn this paper, we have shown that tea1 plays an important role in the spatial organization of a fission yeast gated cdc cells, antipodal behavior is lost and cells bend and occasionally form branches (J. M. and P. N., cell. Our major observations and conclusions are as follows: (i) the tea1 gene is required to maintain the unpublished data). In the conditions used in the experiments with the cdc mutants in this paper, microtubules growing tips in an antipodal manner, keeping the two tips growing in a precisely opposed fashion; (ii) tea1 extended along the length of the cells, and tea1 was localized at the poles. However, it is possible that bendacts as a tightly localized end marker, regardless of whether the tips are growing; (iii) the microtubular ing and branching in very elongated cells is caused by microtubules failing to reach the cell ends, leading to cytoskeleton is required for locating and maintaining tea1 at the cell tips; (iv) tea1 level is down-regulated by incorrect deposition of tea1. We suggest that in normal cells, the microtubules explore the space of the cell and pheromone; and (v) tea1 affects the organization of the microtubular cytoskeleton in a way that may contribute usually become distributed along the long axis of the cell, finishing in the region of the cell poles. As a conseto the maintenance of antipodal growth behavior.
When tea1 is deleted, cells fail to grow with their tips quence, tea1 is placed at the cellular tips, leading to a proper localization of the growth machinery and then to precisely opposed. The tip centers are not located at the ends of a single axis running through the middle antipodal growth. With this view, it is tea1 localized at the cell ends that carries out tea1 function, by acting of the cell, as is the case in a wild-type cell, but instead the centers become offset at an angle from each other.
as a marker for the growth machinery. However, we cannot exclude the possibility that tea1 carries out its If the angle is small, a bent cell is produced, but if the angle becomes greater, an extra tip is generated that function by influencing microtubule distribution, which in turns determines the direction of growth. In this view, grows out of the side of the cell body, producing a T-shaped cell. Given that tea1 is located at the ends, it is the tea1 bound to microtubule ends that is active, while the accumulation of tea1 at the poles of the cells we propose that tea1 acts as an end marker, defining where the cell-growth zones should be organized and is a by-product of the distribution of microtubules. Because tea1 is usually only detected at one end of thus the direction of growth. It is important to understand that tea1 is not required for a growth zone to a microtubule, the transference to the cell poles is likely to be polarized. The polarity of microtubules in a fission become organized; it is only required to place the growth zone in the correct place. The components making up yeast cell has not yet been determined, but because after disruption they grow back in all directions from the the growth machinery can form a growth zone in the absence of tea1, but tea1 is necessary to locate the middle of a cell (J. Hyams, V. Snell, J. Cope, and P. N., unpublished data), it is probable that microtubules of growth zone in the correct place at the cell tips, presumably by interacting with components making up the opposite polarity are distributed along the length of the cell. This means that in the tip regions, there will be both growth machinery.
The tea1 gene is required to maintain antipodal growth (ϩ) and (Ϫ) ends, with tea1 being delivered by only those microtubules of the appropriate polarity. tea1 could be throughout the cell cycle and not only when polarity is reestablished after mitosis. This is shown by the behavtransferred to cell ends by microtubules in two different ways. First, tea1 could bind to the microtubules at any ior of cdc2 ts -tea1 ts double-mutant cells that form some branches and become highly bent even though they fail point along their length and then be transported toward the end, presumably by a motor protein. If this is correct, to enter mitosis. However, if repeated cycles of mitosis are allowed in the absence of cytokinesis using a septathen the terminal location of tea1 in regrowing microtubules implies that the rate of transport must exceed the tion mutant, more branched cells are formed, suggesting that tea1 is particularly important during polarity rate of microtubular growth. Second, tea1 may become localized at the ends of growing microtubules and be reestablishment after mitosis (Verde et al., 1995; see Figure 4) . moved toward the cell tips simply by microtubular elongation. Since tea1 accumulates at the ends of growing Microtubules are required for tea1 to be located at the cellular ends. Within 15 min of disrupting microtubules, microtubules and at the tips of the cell when the microtubules reach the cell end, there must be some mechanism tea1 becomes delocalized throughout the cell. Several experiments support the conclusion that proper tea1 that ensures that tea1 is transferred from the microtubule end to the cell tip. This could be due to different localization is a consequence of the microtubular cytoskeleton being used for tea1 transference to cell ends.
affinities of tea1 for the motor or microtubule ends and some component located in the region of the cell surface, such as the plasma membrane or the cell cortex, or due to a changed affinity of tea1 for the motor or the microtubule end when the microtubule stops growing. It is also possible that tea1 is associated with vesicles during microtubule transport, which might facilitate transference to the plasma membrane by membrane fusion. For tea1 to be correctly located at the cellular ends, the microtubules must run along the long axis of the cell, finishing at the poles and depositing tea1 at the tips of the cell. We shall discuss three models that could bring this about. In the first model, some as-yet-unidentified marker is already located at the cellular ends. This marker stabilizes the microtubules such that they run along the long axis of the cell, ensuring that tea1 is delivered to the ends. Therefore, the localization of this marker gives rise to a distribution of microtubules, such that tea1 is delivered to the tips, and marks the position of the end to the growth machinery. Growth machinery T-shaped cells.
In the second model, microtubules form along the that they provide some explanation of how spatial order long axis of the cell, finishing at the poles because this acting over a distance can be generated within a cell. is the energetically most favorable mode of microtubular
Immediately after mitosis and cell division, fission growth. If microtubules are sufficiently stiff that they do yeast cells initiate polarized growth from the old tip, the not bend easily within the cell, then they will extend end of the cell inherited from the mother cell. They then throughout the cellular space until they run along the elongate unipolarly until NETO, when they activate long axis and extend between the two poles of the cell.
growth at the new end, leading to bipolar growth (MitchiAs a consequence, tea1 will be delivered to exactly the son and Nurse, 1985) . At mitosis, the cytoplasmic microcorrect position in the cell to organize antipodal growth. tubular cytoskeleton is disrupted and reestablished In this view, the growth properties of microtubules result about the time of cell division (Hagan and Hyams, 1988) . in them searching the space inside the cell, continuously During mitosis, tea1 staining at the old cellular tips is finding the ends of the cell that are then marked by somewhat reduced, presumably owing to the transient deposition of tea1. This model does not rely on a cycle disappearance of cytoplasmic microtubules, but rapidly of contiguous markers to identify the position of the increases again after cell division. In the newly born cell, ends, but on the ability of microtubules to explore and the old tip is marked with tea1 more heavily than the recognize the geometry of the cell (Kirschner and Mitchinewly formed tip. This may provide some explanation son, 1986). The third model is an elaboration of the for why growth in the next cell cycle is usually activated second, incorporating the effects tea1 has on microtuat the old end (Mitchison and Nurse, 1985) . A prediction bular growth. As before, the microtubules search the of this model is that cells released from a mitotic block space of the cell, and their properties ensure that the during which tea1 has been delocalized would randomly ends of growing microtubules come into the vicinity of select between the old and the new tip as the site for the cellular tips. When tea1 is overexpressed, the high the initiation of growth after mitosis. levels of tea1 lead to shortened microtubules, while deThe models described above generate spatial order letion of tea1 or pheromone addition allows microtuwithout recourse to external cues. However, when a bules in some cells to curve around the ends of some growing tip is seeking out another cell for mating, the cells, growing more than usual. Therefore, an accumulafixed relationship between the two cellular tips must be tion of tea1 in a specific region of the cell could reduce relaxed, allowing growth toward a mating partner (Fukui or stop microtubular growth, forcing the microtubule Leupold, 1987) . In these circumstances, ends to remain within that region. This provides a positea1 levels are depressed, uncoupling growth-zone potive feedback whereby microtubule ends that have idensitioning from the tea1 control system. The positioning tified the cellular poles by their growth properties beof the growth zone will respond to the external cues come stabilized in this region by the effect of tea1. As a provided by pheromone gradients outside the cell and is consequence, more tea1 is delivered, leading to greater stability. The interest of the second and third models is no longer subject to the internal organizing mechanism.
Mapping of the tea1 Gene
Thus, the control allows a shift between order generated
Genetic mapping was carried out in three steps. First, tea1 was from within the cell to order imposed from without. A
shown to map to chromosome III by using mitotic haploidization as model of how tea1 could perform its function is predescribed . Second, the position of tea1 on the sented in Figure 7 .
chromosome was determined by long-range mapping, measuring
The localization of tea1 to the ends of the cell by genetic linkage in a swi5 mutant background (Schmidt, 1993) Roemer et al., 1996) . Thus, the shift in the control of and the transformants screened for rescue of the tea phenotype. Five complementing plasmids were isolated. Four of them contained growth from internal cues to external cues could work trol system differs from the one we have described beSequencing was carried out using an ALF system from Pharmacia.
cause it is based on the history of the cell, in the sense
The sequence was analyzed using the Genetics Computer Group that an earlier event localized in space, such as the package. Prediction of coiled-coil regions was done using the Lupas algorithm (Lupas et al., 1991) .
septin ring-cortical tag, makes a mark at that location
To delete tea1, a 4.3 kb BamHI fragment containing the tea1 gene that is used by a later event. In fission yeast, the tea1-and flanking regions was digested with HindIII, removing a 2.5 kb microtubular system is dynamic, with the cellular space fragment containing 72% of the ORF (codons 68-895). This fragment being reexplored and reestablished regularly after each was replaced with the ura4 ϩ gene and transformed into a ura4-D18 cell division. This allows any earlier mistakes to be cordiploid strain. Stable transformants were isolated, and deletion of rected and also provides an explanation for how location one copy of tea1 was confirmed by Southern blotting.
within a cell can be determined across space at a position distant from the original location, which is not easily
Production of tea1 Antibodies and tea1 Analysis
A SacI-BglII fragment from pR2 containing most of the 5Ј half of possible with a historical model.
tea1 and a BglII-BamHI fragment containing the 3Ј half were cloned
The tea1-microtubular system in fission yeast we have into the bacterial pQE30 expression vector (Quiagen), producing described here can generate a cellular field whereby 6His-tagged versions of fragments of tea1 containing amino acids global spatial order is imparted to a cell. The microtu-10-553 and amino acids 554-1147, respectively. The proteins were bules explore the space of the cell, identifying the cell purified using Ni 2ϩ -NTP resin under denaturing conditions and subends, and the delivery of tea1 marks the ends for locating sequently by SDS-PAGE. The gel slices containing the protein with Freund's adjuvant were used to inoculate rabbits. The antibodies the growth zones and may also stabilize the microtubuwere affinity purified from nitrocellulose strips containing the correlar pattern to generate a more robust positioning system.
sponding His-tagged protein as described (Pringle et al., 1991) .
Further analysis of this system will be useful to underPreparation of total boiled protein extracts, Western blot analysis, stand the way in which the cytoskeleton and interacting and detection of antibodies were done as described (Grallert and proteins can lead to global cellular organization in fission . The antibodies used were affinity-purified anti-tea1-yeast. This should also be of relevance to understanding N-terminus (1:100 dilution), anti-tea1-C-terminus (1:2000), and anti-␣-tubulin monoclonal antibody (1:5000; Sigma T-5168). Extracts for related problems in other eukaryotes.
gel filtration were prepared by protoplasting cells as described (Grallert and Nurse, 1996) , centrifuged at 100,000 ϫ g for 60 min, and loaded onto a Superose-6 column.
Experimental Procedures

S. pombe Methods
Immunofluorescence Techniques Cells were fixed by adding formaldehyde to 4% final concentration Standard methods were used for growth, transformation, and genetic manipulation of S. pombe. All experiments were carried out to the medium for 30 min, or collected by filtration and fixed with Ϫ20ЊC methanol, and processed as described . in EMM2 minimal medium. Plasmids used were pIRT2 and pREP3X (Moreno et al., 1991) . Pheromone experiments were carried out as Similar results were obtained with both fixations. Cell stainings are of cells fixed with methanol except for Figure 2D and for the actin described (Stern and Nurse, 1997).
